Treatment of erythrocytes with the thiolspecific oxidant azodicarboxylic acid bis(dimethylamide) (diamide) enhances their phagocytosis by adherent monocytes. Phagocytosis of diamide-treated erythrocytes required that the cells were opsonized with whole serum, since complement inactivation abolished phagocytosis. Opsonization with whole serum containing 20-100 times the physiological concentration of naturally occurring anti-band-3 antibodies enhanced phagocytosis of diamide-treated erythrocytes. High inputs of antiband-3 also restored phagocytosis oferythrocytes that had been incubated with complement-inactivated serum. Elevated concentrations of anti-spectrin antibodies were ineffective in whole and complement-inactivated serum.
serum containing 20-100 times the physiological concentration of naturally occurring anti-band-3 antibodies enhanced phagocytosis of diamide-treated erythrocytes. High inputs of antiband-3 also restored phagocytosis oferythrocytes that had been incubated with complement-inactivated serum. Elevated concentrations of anti-spectrin antibodies were ineffective in whole and complement-inactivated serum. Specific recognition of diamide-treated erythrocytes by anti-band-3 antibodies may be due to generation of anti-band-3 reactive protein oligomers on intact diamide-treated erythrocytes. Generation of such oligomers was dose-dependent with respect to diamide. Bound anti-band-3 alone was not sufficient to mediate phagocytosis. It resulted in deposition of complement component C3b on the cells through activation of the alternative complement pathway in amounts exceeding that of bound antibodies by two orders of magnitude. Thus, anti-band-3 and complement together mediate phagocytosis of oxidatively stressed erythrocytes, which simulate senescent erythrocytes with respect to bound antibody and complement.
Antibodies to erythrocyte membrane constituents are present in normal human serum (1) (2) (3) (4) (5) . Some of them opsonize senescent or damaged erythrocytes and induce engulfment of the cells by phagocytes (3) (4) (5) . One of them, a naturally occurring autoantibody to band 3 protein of erythrocyte membranes (anti-band-3), reacts with exoplasmic and cryptic domains of this protein (2) . This antibody appears to be involved in clearance of senescent human erythrocytes, since it has the same specificity on blots as IgG eluted from senescent cells (6) or IgG precipitated from extracts of senescent erythrocytes (7) . This evidence is, however, not conclusive because the amount of IgG bound to senescent erythrocytes (8) (9) (10) is not sufficient to elicit IgG Fc receptormediated phagocytosis, which requires thousands of IgG per cell (11, 12) . Furthermore, antibodies with specificities other than anti-band-3 also recognize senescent erythrocytes (4, 5) . The functional role of naturally occurring anti-erythrocyte antibodies has been studied by opsonizing erythrocytes with purified antibodies in the absence of serum (3) (4) (5) . These conditions cannot differentiate between erythrophilic (13, 14) and antigen binding of added IgG. We, therefore, studied the effect of naturally occurring antibodies in the presence of serum. This avoids erythrophilic binding of added antibody and allows us to investigate the role of complement. Probing the effect of such antibodies on erythrQcytes that had been in contact with these antibodies while in circulation requires manipulations, including elution of cell-bound antibodies or exposure of additional antigenic sites. Since antibody elution is incomplete and perturbs the membrane structure in an uncontrolled manner, young erythrocytes were in vitro "aged" by storage in the absence of serum (15) . Although this classical manipulation resulted in an IgG requirement for efficient phagocytosis, it did not allow us to identify the antigenic sites exposed in the course of storage. Therefore, erythrocyte aging was mimicked by oxidative stress, which is known to accelerate erythrocyte clearance in vivo (16) (17) (18) and to induce membrane protein oligomerization (17, (19) (20) (21) (22) and band 3 protein clustering (22) . Band 3 clustering enhances binding of antibodies from autologous IgG, whether studied on skeleton-free vesicles (8) or on erythrocytes containing Heinz bodies (22, 23) . This suggests, as claimed earlier (24) , that anti-band-3 antibodies specifically recognize oligomerized band 3 protein. We therefore asked if a selective oxidation of membrane SH groups by azodicarboxylic acid bis(dimethylamide) (diamide) (19, 25) enhances phagocytosis of human erythrocytes in vitro and if phagocytosis was stimulated by anti-band-3 in the presence of serum.
MATERIALS AND METHODS
Diamide Treatment of Erythrocytes. Human blood, type 0 Rh+, collected in heparin was freed from leukocytes (26) .
Erythrocytes were either used as such or were separated into subpopulations by density centrifugation on Percoll gradients (27) as modified (2) . Erythrocytes were washed three times with phosphate-buffered saline (PBS)/glucose (10 mM phosphate/150 mM NaCl/5 mM D-glucose, pH 7.4). They were then treated with 50-100 ,Ci (1 Ci = 37 GBq) of (14C]cyanate per ml (1 mM) at 50% hematocrit for 30 min at 37°C (28), if used for phagocytosis experiments. Erythrocytes used for binding studies were treated similarly with unlabeled cyanate (1 mM). After incubation, cells were washed three times with PBS/glucose and resuspended at 25% hematocrit in Tris buffer (40 mM Tris HCI/5 mM KCI/116 mM NaCl/0.2 mM MgCl2/5 mM D-glucose, pH 7.6). These suspensions were incubated with or without diamide (Sigma) at the indicated concentrations for 60 min at 37°C. Cells were washed three times in Tris buffer and were added to sera. 50 ,u) and the given final concentration of anti-band-3. After opsonization, the suspensions were diluted 10-fold with cold PBS/glucose and layered on 11 ml of 21.5% Ficoll in PBS/glucose to determine bound antibody by pelleting erythrocytes (14 min; 4300 x g at the bottom of the tube) at quasi-equilibrium conditions. The tubes were frozen, and the bottom containing the pelleted erythrocytes was cut to determine bound radioactivity. Controls were run in the absence of erythrocytes. Bound label was normalized to the number of opsonized erythrocytes. Results are given as the ng of anti-band-3 bound per 1010 erythrocytes.
Binding of Anti-Band-3 to Blotted Erythrocyte Polypeptides. Formation of anti-band-3 reactive protein oligomers was analyzed on blotted polypeptides from diamide-treated erythrocytes as follows: Membranes were prepared (2) from erythrocytes treated with or without diamide. Membranes were solubilized with 2% NaDodSO4, and S-S-containing polymers were enriched by adsorption of SH-containing polypeptides on thiopropyl-Sepharose (Pharmacia), essentially as outlined elsewhere (31) . The unbound material from 1.2 x 109 erythrocytes was electrophoresed with or without reduction and alkylation on NaDodSO4/PAGE and was blotted (32) . Blots were treated as outlined (2) , except that they were incubated with 1251-labeled anti-band-3 (0.5-1 x 106 cpm/ml) at 100 ng/ml in 10 mg of IgG per ml absorbed on band 3 protein in 2% milk powder instead of gelatin. Antiband-3 reactive polypeptides were visualized by autoradiography.
Binding of Complement Component C3 (C3) to Erythrocytes. Human C3 was purified as described (33, 34) , followed by absorption on protein A-Sepharose or anti-human IgG. C3 was 1251-labeled using Enzymobead reagents (10-12 x 106 cpm/Ag). Labeled C3 that was not frozen showed a similar susceptibility to trypsin as native C3 (35) . Whole serum or iPr2P-F-treated serum was supplemented with a fixed amount of '25l-labeled C3 (up to 800,000 cpm in 50 ,ul) and increasing concentrations of antibodies, as indicated. Erythrocytes were treated as outlined and were opsonized with antibodysupplemented 70%o whole serum or iPr2P-F-treated serum that contained labeled C3. After opsonization, samples were diluted 10-fold, and bound label was determined as outlined for anti-band-3 binding. Bound label is given in micrograms of C3 per 1010 erythrocytes, assuming that normal serum contains 1.2 mg of C3 per ml and that bound material was either bound as C3 or deposited in the form of C3b and was not further processed. The total amount of C3d-containing C3 fragments on erythrocytes was assessed by goat anti-C3d (Nordic, Tilborg, The Netherlands) and an affinity-purified, 1251I-labeled second antibody (rabbit anti-goat IgG; Nordic).
The number of C3b receptors on erythrocytes was determined by binding of an 1251-labeled monoclonal anti-CR1 antibody as described elsewhere (36) .
RESULTS

Anti-Band-3 Enhances Phagocytosis of Diamide-Treated
Erythrocytes. Human erythrocytes treated with diamide were phagocytized by adherent monocytes following incubation with autologous serum, whereas cells treated with no diamide were not (Fig. 1) . Phagocytosis of diamide-treated erythrocytes was dose-dependent at diamide concentrations from 5 to 1000 AM when phagocytosis was carried out with the same batch of monocytes (not shown). Diamide had the same effect at 20 and 200 ,uM when results were averaged from several experiments (Fig. 1) . The extent of phagocytosis was comparable to that obtained with erythrocytes opsonized by anti-Rh D antigen at 2 /zg/ml (Fig. 1) .
Pretreatment of serum with iPr2P-F, which prevents complement activation (37) , abolished phagocytosis of diamidetreated erythrocytes (Fig. 1) . Heat treatment of the serum decreased phagocytosis by 76 ± 16% (mean ± SD; n = 9). Thus, phagocytosis of diamide-treated erythrocytes was dependent on an intact complement system. Phagocytosis of cells opsonized in serum that had been dialyzed against a Mg2+/EGTA buffer reached two-thirds the value observed with serum dialyzed against a Ca2+/Mg2' buffer (not shown), which indicates a predominant involvement ofthe alternative complement pathway (38) .
Anti-band-3 added to serum enhanced the extent of phagocytosis of diamide-treated erythrocytes in a concentrationdependent manner ( Fig. 2A) . Moreover, addition of antiband-3 at 50-to 100-fold its physiological concentration restored phagocytosis to that of normal serum (Fig. 2B) . In contrast, supplementation of serum or iPr2P-F-treated serum with anti-spectrin did not enhance the extent of phagocytosis (Fig. 2 A and B) , further indicating that the diamide-induced modification was specifically recognized by elevated concentrations of anti-band-3.
Diamide Generates Band 3 Protein Oligomers. Treatment of cells with 1-2 mM diamide generated band 3 oligomers, which were detected as anti-band-3 reactive species on blots from whole membranes (not shown). Since they comprised less than 1% oftotal band 3 protein, S-S-linked polypeptides containing oxidized band 3 oligomers were enriched (31) from NaDodSO4-solubilized membranes of cells that had been treated with 0-2 mM diamide. Anti-band-3 reacted specifically with high molecular weight protein oligomers from fractions enriched in S-S-linked polypeptides (Fig. 3) . Reduction of S-S bonds with dithiothreitol dissociated the oligomers and generated anti-band-3 reactive material in the position of band 3 protein and in the band 4.2 protein region (70 kDa). Oligomer formation was dose-dependent with respect to diamide; at 20 tLM diamide, oligomer formation was already greater than in the controls.
Binding of Anti-Band-3. Diamide treatment also increased binding of anti-band-3 to erythrocytes (Fig. 4A) . In the range of 2-15 jig of anti-band-3 per ml, more 125I-labeled anti-band-3 bound to diamide-treated erythrocytes than to control cells.
For erythrocytes treated with 200 jiM diamide, differences were significant between 4 and 10 jig of anti-band-3 per ml and corresponded to less than 15 additional IgG molecules bound per erythrocyte. The increment in bound antibody was not due to a systematic error in counting diamide-treated erythrocytes, since a similar increase in antibody binding was found with unoxidized erythrocytes, to which diamide instead of buffer was added during the binding assay (Fig. 4B) . The small increment in the number of bound antibodies on diamide-treated erythrocytes is real and occurred at antibody concentrations that also enhanced phagocytosis (Fig. 2) . Neither this increment nor the total amount of cell-associated anti-band-3 could cause phagocytosis alone if it occurred by Fc receptors alone and were dependent on as many IgG as with anti-Rh antibodies (11) . A few hundred antibodies could initiate phagocytosis if antibodies were clustered (12) or if a concomitant C3b deposition allowed cooperative recognition by Fc and complement receptors (11) .
Anti-Band-3 Elicits C3 Binding. Efficient phagocytosis required primarily complement at physiological concentrations of anti-band-3 (Fig. 1) . Elevated anti-band-3 concentrations not only enhanced phagocytosis but also restored phagocytosis of diamide-treated cells in complement-inactivated serum (Fig. 2) . The latter finding does not imply that phagocytosis was exclusively dependent on IgG Fc receptor interactions, since C3 fragments acquired while in circulation were not eluted before diamide treatment. Correspondingly, erythrocyte-bound C3 fragments, as measured by anti-C3d, were lower by only 10 + 2% (mean ± SD; n = 3) when cells were opsonized in iPr2P-F-treated serum instead of whole serum. Hence, the total amount of C3d-containing fragments is of little help in elucidating whether anti-band-3 stimulated C3b deposition in whole serum. Therefore, we measured binding of 125I-labeled C3. At physiological anti-band-3 concentrations, binding of C3 to diamide-treated erythrocytes exceeded that to control cells by 10% at 20 jLM diamide and 20% at 200 ;LM diamide (P < 0.05; P values in the text were calculated from normalized data, which are shown in absolute terms in Fig. 5) . Moreover, binding of C3 to diamidetreated erythrocytes first increased with anti-band-3 concentrations, then reached a maximum, and finally declined again (Fig. SA) . Maximum C3 binding was 65 + 15% greater at 20 AM and 235 ± 94% greater at 1 mM diamide (P < 0.01) than in controls without added anti-band-3. Thus, anti-band-3 significantly enhanced C3 binding in whole serum, whereas it only slightly enhanced binding of C3 in iPr2P-F-treated serum (Fig. SB) . Thus, in whole serum, a large portion of C3 binding was due to generation and deposition of C3b and/or its fragments. Binding of C3 to erythrocytes was further dependent on whether glucose was present during pretreatment of cells with or without diamide. Omission of glucose, which leads to ATP-depletion, enhanced anti-band-3 dependent C3 binding (Fig. 6 ). This was most prevalent for control cells and thereby diminished the dose-dependent effect of diamide.
C3 binding to erythrocytes was not due to binding of C3b-containing soluble immune complexes since (i) diamidetreated and control cells were opsonized with the same serum and (it) contained the same number of C3b receptors (CR1) (39), as was evident from unaltered binding of an 125I-labeled monoclonal anti-CR1 antibody (36) (not shown). C3 binding is most likely due to anti-band-3 mediated C3b deposition. In the case where diamide induced partial lysis, the effect could have been due to other naturally occurring antibodies [e.g., anti-spectrin (1) ]. This is unlikely because serum supplemented with anti-spectrin instead of anti-band-3 did not measurably contribute to C3 binding. C3 bound from anti-spectrin supplemented serum was subtracted from that recorded for Proc. Natl. Acad. Sci. USA 84 (1987) of it. Thus, we could not elucidate the type of antibody that initiates C3b binding at physiological concentrations of naturally occurring antibodies. Since the binding assay exclusively assessed binding of added antibody and thereby did not reveal bound IgG acquired while in circulation, it is possible that previously acquired IgG initiated C3b deposition. Since erythrocyte-bound IgG has anti-band-3 specificity (6, 7), it is conceivable that low concentrations of diamide preferentially cross-linked those band 3 molecules that carried antibodies. On the other hand, evidence is shown for a specific effect of anti-band-3 antibodies at elevated concentrations. Phagocytosis of diamide-treated erythrocytes that were opsonized in whole serum was stimulated by added anti-band-3, and high concentrations also compensated for inhibition by complement inactivation. Likewise, anti-band-3 binding was significantly higher to diamide-treated erythrocytes than to control cells at concentrations that also stimulated phagocytosis. The extent of binding was small, but specific, because it occurred in the presence of a 500-to 1000-fold excess of other serum IgG and its effect was not mimicked by increasing the concentration of anti-spectrin antibodies.
Added anti-band-3 evidently recognized a diamide-induced modification on erythrocytes. Diamide oligomerizes spectrin within intact erythrocytes, as is well established (17, 19) .
Diamide concentrations -20 A&M also generated anti-band-3 reactive protein oligomers as shown here. Anti-band-3 reactive protein oligomers with apparent molecular mass values .200 kDa were verified by enrichment and antibody binding. They contained band 3 protein as well as anti-band-3 reactive material in the region of 70 kDa. The latter component may represent a band 3 breakdown product (40) or a crossreacting membrane protein (2) . Formation of anti-band-3 reactive oligomers on intact erythrocytes is probably responsible for enhanced anti-band-3 binding, since antigen oligomerization increases antibody binding (8, 22, 41) . This process may explain the small increment in anti-band-3 bound to treated cells. It may also explain why anti-band-3 antibody binding and complement deposition reached a maximum and then declined. The high-affinity binding sites, most likely represented by band 3 oligomers, were saturated at 6-10 Ag of anti-band-3 per ml. Beyond this point, binding of a bivalent antibody is primarily monovalent (42) and, thus, less firm and undistinguishable from that to the unsaturable number of band 3 molecules. Erythrocyte-bound anti-band-3 mediated C3b deposition on diamide-treated erythrocytes. The effect of anti-band-3 cannot be explained by generation of a fluid phase convertase with anti-band-3 and binding of C3b to innocent bystanders (43) . This would have resulted in equal C3b binding whether or not cells had been treated with diamide. The amount of bound C3b exceeded that of bound anti-band-3 by two orders of magnitude. This, as well as the independence from added Ca2+, strongly suggests that cellbound anti-band-3 triggered C3b deposition through activation of the alternative complement pathway, as is known for another naturally occurring antibody, to a yet uncharacterized rabbit erythrocyte surface component (44) . This property is of particular relevance because it renders anti-band-3 antibody considerably more effective than if it induced classical pathway C3b deposition, which lacks a positive feedback. Complement requirement was either not apparent or not considered in earlier studies of phagocytosis of senescent (3-6) and oxidatively damaged red cells (15) (16) (17) , though erythrocyte senescence (45) and shortened viability of stored erythrocytes (46) correlated with increased deposition of C3 fragments. The mechanism by which anti-band-3 stimulated C3 binding may involve enhanced convertase activity of C3b bound to antibody (ref. 47 ; S.F. and H.U.L., unpublished results).
